. (2014) 
INTRODUCTION
The Devonian was a time of dynamic long-term climate change and substantial changes in biodiversity. Trees and seed plants produced the first multi-storied forests (Algeo and Scheckler, 1998) . Coralstromatoporoid reef complexes flourished in the marine realm forming the most extensive reef constructions in Earth history (Copper, 2002) . The rapid rise of land plants during the Middle Devonian was coupled with rapidly decreasing atmospheric CO2 values from 4000 ppm to nearly present day values of about 350 ppm during the latest Devonian (Royer, 2006) . The successful coral-stromatoporoid reef ecosystem became extinct in the late Frasnian during the Frasnian-Famennian mass extinction event and was replaced by calcimicrobial reefs in the Famennian (Copper and Scotese, 2003) . Taxonomic severity rankings of the 10 largest Phanerozoic biodiversity crises place the Frasnian-Famennian event at number six with a taxonomic loss of 35% (Sepkoski, 1996 and McGhee et al., 2013) . A new ecological severity metric ranks the Frasnian-Famennian event as the fourth most ecologically severe crisis in the Phanerozoic (McGhee et al., 2013 ). An alternate interpretation of the Frasnian-Famennian extinction suggests that a lack of origination rather than extinction caused the depletion in diversity (Bambach et al., 2004 and Stigall, 2012) .
The Frasnian-Famennian extinction is stratigraphically associated with the Upper and Lower Kellwasser Anoxia Events, a pair of ocean anoxia events characterized by bituminous limestone or black shale sequences. The Kellwasser Events are associated with sustained or intermittent anoxia, enhanced productivity, and storm or tsunami deposits (Sandberg et al., 1988 , Racki et al., 2002 , Du et al., 2008 and Bond et al., 2013 . Sea level oscillations, tectonic forcing, and ocean stratification have frequently been considered the primary drivers of the Kellwasser Events (Sandberg et al., 1988 , Joachimski and Buggisch, 1993 , McGhee, 1996 , Chen et al., 2002 , Bond et al., 2004 , Tribovillard et al., 2004 and Chen et al., 2013 , although when taken together these proposed mechanisms for anoxia development are somewhat contradictory and are dependent on local topography or tectonic forcing (Racki, 2005) . Other factors such as eutrophication (Algeo and Scheckler, 1998 , Murphy et al., 2000 , Racki et al., 2002 , Tribovillard et al., 2004 and Kazmierczak et al., 2012 , or forest fires and subsequent soil erosion (Kaiho et al., 2013) have also been implicated as causal factors. The intensity and extent of anoxia during the two Kellwasser Events have been investigated in localities on Laurussia, Gondwana, Siberia, and South China (Joachimski and Buggisch, 1993 , Bond et al., 2004 , Tribovillard et al., 2004 , Bond and Wignall, 2005 , Pujol et al., 2006 , Bond et al., 2013 and Chen et al., 2013 . The Upper Kellwasser Horizon developed in the Late linguiformis Zone (Frasnian Stage) as an event that intensified anoxia in basinal locations and spread dysoxic waters into shallow water locations ( Bond et al., 2004 and Bond et al., 2013) . Of sections spanning the Frasnian-Famennian boundary in Europe, only the continental margin of Austria was spared the Late Devonian anoxia ( Bond et al., 2004) . As a result, the Upper Kellwasser Anoxia Event has been interpreted as an epicontinental seaway event rather than an 'oceanic' anoxic event that has spilled laterally onto continental shelf settings ( Bond et al., 2004 and Bond et al., 2013) . In this study we are examining the Frasnian-Famennian boundary in a fundamentally different tectonic and depositional setting, in an open ocean island arc complex in the Central Asian Orogenic Belt (CAOB).
REGIONAL GEOLOGY OF THE CAOB IN NORTHWESTERN CHINA
The CAOB, a complex amalgamation of intra-oceanic island arcs and continental fragments, was formed prior to the end of the latest Carboniferous (Xiao et al., 2010 , Choulet et al., 2012 and Yang et al., 2013 . Middle and Late Devonian sediments in Xinjiang, China, include the Zhulumute and Hongguleleng Formations, which formed as part of an accretionary wedge deposited on a Marianas Island type island arc complex ( Fig. 1) (Suttner et al., 2014) . This is one of the few Famennian localities in the world with richly fossiliferous sedimentary rocks deposited in a shallow marine, orogenic setting (Lane et al., 1997 , Xia, 1997 , Ma et al., 2011 and Suttner et al., 2014 (Fig. 2) . From 2005 to 2011, our research group measured a bed-by-bed stratigraphic section of the Hongguleleng Formation in several locations, including the Boulongour Reservoir section (Lane et al., 1997 and Suttner et al., 2014) . The Frasnian-Famennian boundary is contained within the lower 3 m of the Hongguleleng Formation at the Boulongour Reservoir section (Fig. 3) (Suttner et al., 2014) . Initial, exploratory work suggested the presence of a δ13C excursion within the expected interval of the Kellwasser Event in the latest Frasnian at the Boulongour Reservoir section ( Suttner et al., 2014) , although there were concerns about isotopic overprinting via fluid flow along a small (< 2 m offset) fault at the base of the section. Additional samples in the interval straddling the Frasnian-Famennian boundary were collected in 2011 to completely delineate isotopic and geochemical changes occurring at the Frasnian-Famennian boundary, which could be correlated with the Kellwasser Event. 
MATERIALS AND METHODS

Geochemistry and microscopy
Samples were analyzed for major, trace, and rare earth elements, stable isotopes of carbon and oxygen, mineralogy and mineral textures, and magnetic susceptibility. Unless otherwise noted, all analyses were performed at Appalachian State University. Whole rock geochemical analyses for both limestones and siltstones were performed by Activation Laboratories (Ancaster, ON, Canada), while all carbon and oxygen stable isotope analyses on brachiopods and/or micrite were performed using a Finnigan Delta Plus 230 isotope-ratio mass spectrometer (Institute for Earth Sciences, Graz, Austria). Magnetic susceptibility measurements were performed on a Bartington Instruments MS-3 meter with a dual frequency MS2B sensor. Microtextures and mineral morphologies were imaged and analyzed using cathodoluminescence (CL), scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS), and SEM-cathodoluminescence (SEM-CL). SEM-EDS and SEM-CL analyses were performed on a FEI Quanta 200 environmental scanning electron microscope with an attached EDAX energy-dispersive X-ray spectrometer and a Centaurus CL detector. CL imaging was performed on a RELIOTRON system. Bulk mineralogy was measured with a Shimadzu XRD 6000 X-ray diffractometer and was confirmed using SEM-EDS analysis.
RESULTS AND DISCUSSION
Stratigraphy
The stratigraphy of the Hongguleleng Formation and the overlying 'Hebukehe' and basal Heishantou Formations are discussed in detail in Suttner et al. (2014) ; in this study we consider only the lower 7 m of the more than 200 m of section, which represents a transgressive sequence from a beach deposit (upper Zhulumute Formation) to a shallow marine sequence (lowermost Hongguleleng Formation). In the Hongguleleng Formation, the Frasnian-Famennian boundary interval is a series of siltstones and limestones, but black shales are lacking (Fig.  3) . Detailed sampling at ~ 10 cm intervals was conducted from 1 m below the base of the Hongguleleng Formation (defined as the lowermost limestone unit) into the Zhulumute Formation. Although previous studies had suggested the presence of an unconformity between the Hongguleleng Formation and the underlying Zhulumute Formation (Ma et al., 2011) , no evidence for an unconformity was observed in the field. Because the most recent conodont data defined the Frasnian-Famennian boundary as 2.4 m above the basal limestone unit (Suttner et al., 2014) , detailed sampling continued through the lowermost 6 m of the section.
Sedimentology
Primary mineralogy in the basal Hongguleleng and uppermost Zhulumute Formations includes calcite, albite, and quartz, with minor chlorite and illite clays and trace Ti-oxides and apatite (Fig. 4) . The part of the Zhulumute Formation considered herein is primarily composed of porphyritic basalt pebbles and detrital albite sand (Fig. 5) , and grades upward to silt-sized particles of albite, chlorite, illite, and quartz approximately 1 m below the base of the Hongguleleng Formation (Suttner et al., 2014) . The presence of porphyritic basalt pebbles and angular albite grains (with minor plant fossils) within the majority of the Zhulumute Formation indicates that the base of the Boulongour Reservoir section is analogous to a shoreline environment on an island arc rather than on a continental margin. Sediment source can be further constrained with whole rock Th/U ratios (Carpentier et al., 2013) . Th/U of ~ 3 in the siliciclastic fraction of both units likewise indicates a juvenile sediment source such as an island arc (Fig. 6) , which is consistent with previous studies on the tectonics of the region (Xiao et al., 2010 , Choulet et al., 2012 and Yang et al., 2013 .
Fig. 4.
Bulk X-ray diffraction signatures of siliciclastic sediments in the topmost Zhulumute Formation and the lower Hongguleleng Formation. Minerals present are labeled next to their corresponding X-ray peaks. X-ray diffraction signatures across the Zhulumute-Hongguleleng contact and across the Frasnian-Famennian boundary show no changes in sedimentation aside from the amount of calcite present, indicating that sedimentation was continuous across both intervals. This is consistent with field observations that no unconformity is present across these intervals. There is no change in siliciclastic mineralogy across the ZhulumuteHongguleleng contact nor is there a change in siliciclastic mineralogy across the Frasnian-Famennian boundary (Fig. 4) . Variations in the amount of calcite are primarily due to autochthonous brachiopod-rich storm deposits (Fig. 7) . The uniform mineralogy across these units and across the Frasnian-Famennian boundary, combined with field observations in a trench we dug through the interval suggest that sedimentation was continuous throughout the interval, and that no significant unconformity is present, in contrast to previous work (Ma et al., 2011) . 
Geochemical and mineralogical redox proxies
Analysis of δ 13 C from the initial group of samples collected in 2005 showed a prominent 4‰ PDB negative excursion across the Frasnian-Famennian boundary ( Suttner et al., 2014) , which is inconsistent with the positive ~ 2‰ excursions seen in the Kellwasser Interval ( Joachimski et al., 2002 , Racki et al., 2002 , Bond et al., 2004 , Buggisch and Joachimski, 2006 and Chen et al., 2013 . Additional detailed sampling in 2011 at the base of the Hongguleleng shows a 5.5‰ δ 13 C negative excursion in the bottom 5 m of the Hongguleleng Formation, and oxygen isotopes (δ 18 O) values decrease by nearly 12‰ PDB compared to overlying 20 m of section ( Fig. 8) . CL microscopy and SEM-EDS were used to assess the extent of alteration in samples in the bottom 5 m of the section. By identifying the altered samples, which have anomalously low δ 18 O and δ 13 C values (presumably due to meteoric water infiltration along the small fault at the base of the section in Fig. 3) , we can construct a ~ 2‰ positive δ 13 C excursion associated with the Kellwasser Event in the remaining unaltered samples, similar to what has been shown in the studies listed herein. The observed overprinting is unlikely to affect the other geochemical proxies used in this study, as the regionally available fluids which would exhibit the δ 13 C and δ 18 O overprinting signatures seen at the base of the section would not contain significant amounts of the chalcophile and heavy elements used as anoxia proxies ( Carmichael and Ferry, 2008 and references therein). (Joachimski et al., 2002 , Racki et al., 2002 , Bond et al., 2004 , Buggisch and Joachimski, 2006 and Chen et al., 2013 . Δ
18 O values also show a negative excursion, extending to 20 m above the base of the section. Triangles represent data from this study (brachiopods and micrite), where gray circles indicate data from Suttner et al. (2014) . The expected location of the Upper Kellwasser Anoxia Event is shown in gray. Samples in this study that were strongly overprinted by diagenetic alteration (as determined by a combination of CL microscopy, SEM-EDS imaging, Mn content, Sr content, and extremely negative δ 18 O values) are shown in brown. When altered samples are removed, there is a small positive ~ 2‰ δ 13 C excursion, which is consistent with other aforementioned studies of the Kellwasser Events.
Multiple geochemical proxies suggest that oxygenation levels varied from oxic to anoxic near the Frasnian-Famennian boundary (Fig. 9 ). Both total vanadium content (Tribovillard et al., 2006) and V/Cr ratios (Schröder and Grotzinger, 2007) have been used to assess redox conditions. Because of low values of Cr in these samples (see supplemental dataset), 1/2 of the detection limit is used for Cr values below detection limit. V values peak at ~ 200 ppm near the top of the Zhulumute Formation (Fig. 9) , which is significantly above the average values of V (~ 100 ppm) found in anoxic sediments (Schröder and Grotzinger, 2007) . The U content of sediments is a combination of authigenic and detrital components whereas the Th content is entirely detrital. Authigenic uranium is calculated as Uaut = Utot − Th/3, with Th/3 as an estimate of the detrital uranium fraction in mudstones (Wignall and Myers, 1988) . The spike in authigenic U in the upper part of the Zhulumute Formation and the lower part of the Hongguleleng Formation supports the hypothesis of dysoxic to anoxic conditions in the Frasnian-Famennian boundary interval. Additional support comes from the elevated concentrations of redox sensitive elements such as Zn, which are also used herein (in limestones) to assess oxygenation levels (Bond et al., 2004 and Pujol et al., 2006) . Ce anomalies are calculated using Ceanom = Log [3Cen / (2Lan + Ndn)] (Wright et al., 1987) , where "n" indicates REE normalization to the North American Shale Composite (NASC). Negative Ce anomalies are also present at the base of the Hongguleleng Formation, indicating that conditions are anoxic or approach anoxia. Although Mo is a commonly used proxy for anoxia in basinal black shales (Tribovillard et al., 2006) , detectable Mo concentrations require long-term euxinic conditions (Algeo and Maynard, 2004 ) in a restricted basin environment . We do not detect Mo in any of the Boulongour Reservoir section samples as all of our other evidence for anoxia suggests fluctuating dysoxic to anoxic conditions rather than persistent euxinic conditions. As the Boulongour Reservoir does not have a black shale facies and is not part of a restricted basinal environment, nor is there any other geochemical or mineralogical evidence for persistent euxinic conditions anywhere in the section, the lack of detectable Mo is not unexpected. Fig. 3 for relation to stratigraphic section). Although the Kellwasser Event (shaded interval) cannot be detected visually by a change in mineralogy, it can be detected by geochemical proxies such as V/Cr ratios in siliclastics, Zn concentrations in carbonates, Ce anomalies in phosphate-rich units, and authigenic U content in siliciclastics (Pujol et al., 2006 and Tribovillard et al., 2006) . Excess whole rock P2O5, Ba, and SiO2 (Pujol et al., 2006) indicate increased primary productivity in the aftermath of anoxia. Magnetic susceptibility (MS) shows a distinct negative trend, which starts just below the Frasnian-Famennian boundary and is consistent with sea level rise associated with the Kellwasser Event.
Pyrite framboids, a circular aggregate of pyrite microcrysts (Fig. 10) , can also be used to assess redox conditions (Wilkin et al., 1996) . Euxinia produces populations of tiny framboids (< 5 µm) with a narrow size range. In contrast, in dysoxic environments, size is largely governed by the local availability of reactants and the framboids are larger and more variable in size (5-15 µm). Samples from the latest Frasnian contain pyrite framboids that are variable in size but are typically in the range of 5 to 15 µm suggesting that the samples were formed in an anoxic to lower dysoxic environment (Fig. 11) . The few samples containing framboids in the lower Famennian have framboids that are typically larger, and indicate that upper dysoxic to oxic conditions dominated (Bond and Wignall, 2010) . Samples without framboids are assumed to be deposited under fully oxic conditions. The framboid data support interpretations of oxygen levels from the elemental geochemical data. Iron oxide framboids and spheres are also present in samples from the anoxia interval (Fig. 10) , which is consistent with microbial fixation of Fe2 + during nitrate reduction in anoxic sediments (Chaudhuri et al., 2001) , and/or with the subsequent oxidation of existing pyrite framboids (Suk et al., 1990) . The size and variability of pyrite framboids can be used to assess redox conditions Newton, 1998 and Wignall, 2010) . Euxinia produces populations of tiny framboids (< 5 µm) with a narrow size range. In dysoxic environments the framboids are larger and more variable in size (5-15 µm). Framboids are rare in oxic environments. The chart shows the distribution of framboids from SEM. Individual points indicate a single framboid in the sample. Lines show minimum, maximum and average size for the framboid population in that sample. Framboid populations are indicated for each large data point where n > 1. Based on the framboid populations, the Upper Frasnian shows an anoxic to lower dysoxic environment consistent with the Kellwasser Anoxia Event. Framboids are much less abundant in the Famennian part of the section indicating a change to upper dysoxic to oxic environments. Stratigraphy is measured from the base of the Hongguleleng Formation.
Although a black shale facies is not present at the base of the Hongguleleng Formation, the Upper Kellwasser Anoxia Event is manifested as an interval of dysoxic to anoxic conditions in the upper portion of the Zhulumute Formation and the lowermost part of the Hongguleleng Formation below the FrasnianFamennian boundary, with minor, episodic dysoxia occurring as high as 6 m above the base of the Hongguleleng Formation. Similar fluctuations between dysoxic to anoxic to oxic conditions have also been noted in the Holy Cross Mountains in Poland (Kazmierczak et al., 2012) and at La Serre in France (Bond et al., 2004) . SEM-EDS data confirm an increase of porous, microbially mediated rather than detrital phosphate during this interval (Fig. 10) , which is consistent both with anoxia at the sediment-water interface as well as increases in microbially mediated sedimentation (Soudry, 2000) . In addition, the base of the Hongguleleng Formation contains layers of winnowed brachiopod beds and rip up clasts that we interpret as storm or tsunami deposits (Fig. 7) . These storm/tsunami deposits are consistent with observations of the Kellwasser Event in other locations (Sandberg et al., 1988 , Racki et al., 2002 , Du et al., 2008 and Bond et al., 2013 .
Productivity proxies and magnetic susceptibility
Barium and P 2 O 5 normalized to the average Al 2 O 3 content (Schmitz et al., 1997) of continental crust (Fig. 9) show increased biological productivity during this interval, which is consistent with previous findings in the Kellwasser interval (Racki et al., 2002) . Excess SiO 2 is also present in the Hongguleleng Formation, presumably in the form of authigenic quartz silt, as Hongguleleng Formation silts lack luminescence and have similar morphologies to proposed biogenic quartz silts (Schieber et al., 2000) in Devonian black shales. In addition, Hongguleleng Formation sediments contain clay minerals and microbial apatite grain morphologies that are consistent with cyanobacterial mat morphologies or algal spores in those associated with black shales (Kazmierczak et al., 2012) , where episodic dysoxia rather than persistent euxinic conditions are indicated. Magnetic susceptibility shows a distinctive negative trend just prior to the FrasnianFamennian boundary which is consistent not only with sea level rise characteristic of the Upper Kellwasser Anoxia Event Da Silva et al., 2009 ) but also with authigenic magnetite found in suboxic sediments (Karlin et al., 1987) , and with the oxidation of pyrite framboids similar to what has been observed in other studies (Suk et al., 1990 and Rowan and Roberts, 2006) .
CONCLUSIONS
Detailed sampling in the uppermost 1 m of the Zhulumute Formation and basal 6 m of the Hongguleleng Formation at the Boulongour Reservoir section provides a unique look at the Upper Kellwasser Anoxia Event, the Frasnian-Famennian extinction event and the rebound of shallow marine ecosystems in the Early Famennian. Although black shales are missing, we recognize the Upper Kellwasser Anoxia Event through multiple proxies. Whole rock geochemical analyses, the presence and distribution of pyrite framboids, and the presence of microbial apatite formation support a model of fluctuating anoxic, dysoxic and oxic conditions and enhanced surface productivity, while a 2‰ positive δ13C excursion is consistent with isotope signatures of the Kellwasser Events in other studies. Authigenic quartz silt provides additional support for enhanced surface productivity with intermittent anoxia. Magnetic susceptibility data are consistent with a sea level rise through the interval.
For the first time, the Kellwasser Anoxia Event has been documented (1) in shallow water and (2) in an open oceanic setting. Although episodic shallow water anoxia during the Kellwasser Anoxia Event has been observed in previous studies (Bond et al., 2004 and Bond et al., 2013) , the Hongguleleng and Zhulumute Formations were deposited in a tectonic setting very different from any of the other locations where the Kellwasser Event has previously been described. Regional tectonic studies, local stratigraphy, sedimentary petrology, and sedimentary Th/U ratios all indicate that the sequence was deposited on a steep slope island arc complex in an open oceanic system, similar to the Marianas Islands. Therefore, our work indicates that the Kellwasser Anoxia Event was oceanic in extent, and not an exclusively epicontinental or basinal phenomenon as previous workers have hypothesized.
Our observations are inconsistent with the models of deep water spillover onto continental shelves during sea level rise (McGhee, 1996) or local oceanic overturning (Chen et al., 2013) as causal mechanisms for the Kellwasser Anoxia Event. If this were the case, our new data would imply a complete overturning of the oceanic water mass (a highly unlikely scenario) in order to preserve anoxia signals in an open ocean environment. Likewise, invoking sea level rise as a causal mechanism for anoxia (Bond et al., 2004 ) is an equally unlikely scenario, as transgressions are not uniformly associated with ocean anoxia events (Becker et al., 2012) . A revised model (Fig. 12) that supports other published studies of the Kellwasser Anoxia Event involves episodic dysoxia due to eutrophication and enhanced surface productivity (consistent with work by Murphy et al., 2000 and Kazmierczak et al., 2012) , and results not only in water column stagnation and stratification in epicontinental basins (Bond et al., 2004 and Chen et al., 2013) and episodic dysoxia in shallow water reefs on continental shelves (Bond et al., 2013) , but also in episodic dysoxia in shallow waters along steep island arc margins in the open ocean (this study).
Fig. 12.
New model for the Kellwasser Events invoking eutrophication and enhanced surface productivity as a causal mechanism for episodic dysoxia and sustained anoxia, both along continental shelves (model modified from Bond et al., 2004) , and along island arc coastlines in the open ocean (model modified from a topographic transect across the Marianas Islands, commonly used as a modern analogue for the Late Devonian tectonic setting of the Hongguleleng Formation).
This new model is consistent with observations of modern coastal eutrophication in shallow and deep waters along both continental margins and oceanic islands (McGlathery et al., 2007 and Diaz and Rosenberg, 2008) . These present-day observations explain coastal eutrophication via local nutrient availability, which causes enhanced primary productivity. Modern hypoxia varies widely in time and space from deep water euxinia in restricted basins to ephemeral dysoxia in shallow coastal bays, lagoons and estuaries. Our new model explains the documented occurrences of the Kellwasser Events both in shallow epicontinental shelf and deep basin environments, but also explains the presence of episodic dysoxia in open oceanic systems such as the one described here in the CAOB. This model can be tested by additional field and geochemical studies in other island arc and microcontinental accretionary systems such as those preserved in the CAOB and similar tectonic regimes.
